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The US paper "Radionuclide Sampling, Sample Handling and Analytical Laboratory Equipment for Comprehensive Test Ban Treaty On-Site Inspections," CTBT/PCNIOWWSII/PR/29 identified the radionuclides of interest to an OS1 as '?Je, 147Nd, 14'Ce, '40Ba('40La), g5Zr(g5Nb), r31mXe, '33mXe, 133gXe, 135gXe, and 37Ar. All of these nuclides (except 37Ar) can be measured via some form of conventional or coincidence-based gamma-ray spectrometry. The non-gaseous radionuclides [?e, 147Nd, 141Ce, laBa(14La) , and g5Zr(g5Nb)] can be measured via conventional high-resolution gamma-ray spectrometry using a shielded, high-purity germanium (HPGe) detector. The gaseous radionuclides 13'mXe, 133mXe, 133gXe, and '35gXe are best measured (after separation from their homologous elements) via a gamma & beta/electron coincidence technique such as that described in CTBT/WGB/TL-1 l/5 which could utilize either a HPGe or low-resolution (NaI(T1)) gamma-ray spectrometer to detect the gamma-ray/x-ray and a plastic scintillator to detect the beta particle/electron from the decay of the various Xe isotopes.
The US paper CTBT/PCNIOSI/WSM?R/29
(and other papers) identified a need to limit the information that can be extracted from high-resolution gamma-ray spectra to ensure that only information relevant to an OS1 is accessible. The term "blinding" has been used to describe the need to limit the information available to the Inspection Team from the high-resolution gamma-ray measurement. A better term is "measurement restriction"; the need for restricting the information is particularly relevant to conventional high-resolution gamma-ray spectrometry measurements, but not to the gamma & beta/electron coincidence-type measurements envisioned for Xe isotopes because the separation process for these radionuclides will likely eliminate any other observables. The purpose of this paper is to define functional requirements for restricting measurements via conventional highresolution gamma-ray spectrometry systems to ensure that only the nuclides of interest to an OS1 can be identified and quantified. Options discussed below include 1) acquisition and analysis of the entire high-resolution gamma-ray spectrum combined with a limited reporting mechanism, and 2) restricting of the gamma-ray spectrum prior to acquisition and analysis/reporting based upon only the limited portion of the spectrum. It is well recognized that the results should be as accurate as possible, but the analytical work must be performed in a manner consistent with the purposes of an 03.
Introduction:
Gamma-ray spectrometry is a long-standing technique used to identify radionuclides by the characteristic radiation signatures associated with their radioactive decay. The advent of high-purity, germanium-based (HPGe), high-resolution, gamma-ray spectrometry permits the identification of many different radionuclides, even when present in complex mixtures. The ability to differentiate many overlapping gamma-ray peaks is possible because of the energy resolution achievable with HPGe detectors. The resolving capability of HPGe detectors is illustrated in Figure 1 which shows characteristic gamma-rays (peaks) over the energy range of 50 -250 keV for a sample containing enriched uranium. The narrowness of peaks in the HPGe-based spectrum as compared to that achievable via sodium-iodide [NaI(Tl)] or cadmium-zinc-telluride (CZT) detector technology illustrates the reason why so many different gamma-rays can be resolved from one another via HPGe. The availability of a database of gamma-ray energies and intensities for the radionuclides of interest then permits identification of complex mixtures even in cases where some of the gamma-rays are not energyresolvable to the HPGe. The gamma-ray energies and intensities for the nuclides of interest to an OS1 are presented in Table 1 .
Radioisotope Identification Assurance:
As mentioned previously and as shown in Table 1 , many radionuclides emit more than a single gamma-ray. This could be perceived as an added complexity to the job of identifying radionuclides present in a sample. However, the ability to rely on niiore than one associated gamma ray makes the identification much stronger, particularly for cases in which nuclides emit gamma-rays of similar or the same energy as other nuclides.
One of the most common examples of the case where nuclides emit gamma-rays of similar ' energy is 231Th (which is naturally occurring, an industrial radioisotope, and the decay product of 235U, also a naturally occurring radioisotope), and 226Ra (naturally occurring and a medical / industrial radioisotope). These radionuclides each have their strongest gamma-ray emission at approximately 186 keV (approximately 186.1 keV for 226Ra and approximately 185.7 keV for 231Th(235U)'). These gammarays are only barely resolvable, even with HPGe detectors, and could easily be confused for one another in the absence of any other information.
Rather than attempt to make the identification of the source of the 186-keV gamma-ray based solely on the 186-keV line, the identification process should be able to rely upon other gamma-rays which appear in the spectrum as well. For the case qf ?3!Th(235U), other gamma-rays are emitted with intensities similar to that of the 186-keV line. These other emissions occur at 163.3 keV and 143.8 keV. If these gamma-rays are also present in the sample and the measured intensities (after correction for detection efficiency, absorption, background, and any additional radionuclides besides 231Th(235U) and 226Ra which might be present and emit interfering gamma-rays) are similar to the known values, then a 23'Th(235U) identification is likely correct. If the 163.3 keV and 143.8 keV gamma-rays are not present, then a 226Ra identification is likely correct, however the 226Ra identification would be based only upon the single 186.1 keV gamma-ray and is still rather tenuous. If the other gamma-rays (143.8 keV and 163.3 keV) are present, but with significantly less intensity (after all necessary corrections) than expected as compared to the 186-keV line, then possibly both 226Ra and 23'Th(235U) are present in the sample.
For the nuclides of interest to an OSI, the same sort of ambiguity in identification discussed between 231Th(235U) and 226Ra could easily arise if the identification is limited to a single gamma-ray. The possible ambiguity could have significant impact to an OSI. As an example using nuclides relevant ' The indication of *31Th is shown as 23'Th(235U) because 231 Th has a short half-life (1.06 days) and is almost always found in or near equilibrium with the parent 235U.
to an OSI, '33Xe, IaCe (OS1 nuclides) and other industrial sources such as r3'I, 133Ba and 231Th (not OS1 nuclides) could easily be confused if only the observation of an approximately 80-keV gamma ray was used to make the assignment. The relevant information for this example is shown in Table 2 . The list of possible interferences for all of the gamma-rays of interest in Table 1 is very long and is not included here. It is hopefully clear that the more gamma-rays associated with the identification of a particular radionuclide, the more confident the identification of that nuclide.
In addition to requiring the correct set of gamma-rays for a particular radionuclide is the requirement that the ratio of the various gamma-rays be correct. This can be understood from the 226Ra and 23'Th(235U) example mentioned earlier. A detailed examination of the ratio of the measured gammaray intensities, after correction for geometry and adsorption, can indicate whether an interfering activity is present even if the gamma-rays are not energy-resolvable with the HPGe. An example of the gammaray intensity information that could be available to the analyst performing the measurement is shown in Table 3 . With a set of information similar in content to that shown in Table 3 , the analyst and the OS1 team can be assured that the identification is correct.
To further illustrate the possible complexities, an example gamma-ray spectrum of some mixed fission products produced via the thermal neutron irradiation of 235U is shown in Figure 4 . For those nuclides in which identification via conventional gamma-ray detection is appropriate (the non-gaseous nuclides), the use of as many relevant gamma rays as possible should be an integral part of the analysis process. The gamma-ray spectrum shown in Figure 4 is for a sample approximately 2 weeks after irradiation and most of the very short-lived fission products have decayed. However, most of the nongaseous radionuclides relevant to an OSI, 95Zr, 95Nb, laBa, '@La, 14rCe, '?Je, and 147Nd are still present. Since many of the components in a sample such as this have interfering gamma-ray emissions, it is critical that the identification process involve as many of the relevant gamma-ray lines as possible.
Need for Quantification:
In the most basic sense, quantification of the relevant radionuclides and the determination of the ratios of some of the radioactive species are critical to the determination of whether a nuclear explosion has occurred. Other sources of many of the relevant radionuclides are spread throughout the world. These include industrial and medical sources, as well as typical nuclear reactor and fuel reprocessing operations and could interfere with OS1 measurements. Since reactors produce and release virtually all of the radionuclides of interest to an OSI, except 37Ar, the ability to determine ratios of radionuclides is critical to identifying whether the source was produced in an instantaneous explosion (a bomb) or via a long, fairly constant, production mechanism such as a typical nuclear reactor. An example of how activity ratios change as a function of time for an instantaneous production of Xe isotopes is illustrated in Figure 2 . At a given time, the activity ratios of the nuclides can be examined to see whether they are consistent with a nuclear explosion at the OS1 event time or not.
Other uses for isotope ratios include the ability to estimate when the radioactivities were released for subsequent correlation with other OS1 information. If the source term is known or can be estimated (the relative amount of the various radionuclides produced), then the relative amount of 95Zr to 95Nb can be used to date the materials shortly after production. The other nuclides such as l"Ce and 14'Ce as well as '40Ba('40La) can also be used for this purpose, but cover slightly different time windows of applicability. Also, the ratio of lssmXe to '33gXe and the presence of '35Xe and 131mXe can be used to determine whether the production was via thermal neutrons (a typical reactor) or a fast-neutron pulsed source (a bomb).
Discussion of Some Options for Implementation:
Possible options for implementing a high-resolution gamma-ray spectrometer system for an OS1 include: l Option 1: acquisition and analysis of the entire gamma-ray spectrum combined with a limited reporting mechanism, and l Option 2: restricting the gamma-ray spectrum prior to acquisition and analysis/reporting to limited portions (regions) of the spectrum.
Issues regarding the assurance with which the identification and quantification take place for each of the options above are briefly discussed in the subsequent sections.
Identification Assurance (Option 1):
Under option 1 indicated above (acquisition and analysis of the entire gamma-ray spectrum), the subsequent nuclide identifications are likely the most robust. This is because all associated gamma-rays for a particular nuclide can be examined to further ensure that the identifications are correct (see Table  3 ). This system is likely the easiest to implement as the technology to acquire a gamma-ray spectrum over a large energy range already exists and is commercially available. An interface could be generated which does not permit the analyst to view the entire gamma-ray spectrum during or after acquistion, but instead simply displays the analyzed results in a manner similar to that shown inTable 3 for the nuclides relevant to the OS1 or for calibration. If a series of calibration sources with a broad range of associated gamrna-ray energies (such as 15*, '54Eu, 137Cs and 6oCo) is available and is measured simultaneously with the samples, then the analyst and OS1 can be better assured that the acquisition and analysis system is running correctly. A similar system has already been developed by Lawrence Livermore National Laboratory for a different application and is called the Field Radionuclide Identification System (FRIS).
FRIS is a portable electromechanically cooled HPGe detector and analysis system designed for use by US Customs inspection officials for the identification of medical, industrial and enriched nuclear materials sources. The FRIS system combines the capabilities of a high-resolution gamma-ray spectrometer system with a custom interface that ultimately provides information similar to that listed in Table 3 for each nuclide identified. The system and interface are shown in Figure 3 . Something similar to the FRIS system might have application to the OS1 in that the actual gamma-ray spectrum is neither displayed or saved to disk. Only the results of the analysis are displayed to the analyst or are saved to disk for future recall.
Identification Assurance (Option 2):
Option 2 (acquisition of only a portion of the gamma-ray spectrum for subsequent analysis) could potentially provide the needed analytical results, but the large number of possible interferences makes implementation of such a system problematic. This system would likely be prone to misidentifications because so many different possible interferences exist that it may not be possible to configure the system to mitigate all of them ahead of time.' In addition, great care would be required to establish exactly which regions of the gamma-ray spectrum need to be analyzed. This adds an additional complexity in that the energy regions would likely have to change with varying measurement conditions such as ambient background, nearby operations, etc. For instance, if low-energy gamma-rays are selected as the target gamma-rays for a particular nuclide, it is presumably because the expected intensities offer the best chance of detection. However, if the low-energy region of the spectrum is interfered with by the presence of some large Compton contributing source in the vicinity, then the analysis may have to be adjusted to use the higher energy emissions.
Some of the potential interferences could include x-ray sources, peaks resulting from energy summing, single and double escape peaks, high radioactivity background increasing the Compton noise in the lower energy region of the spectrum as well as detector dead-time, or introduction of undisclosed shielding. These potential interferences are in addition to possibly interfering gamma-ray emissions from other isotopes/sources. At this time, there isn't an effective mechanism to deal with energy summing and escape peaks for all cases because the magnitude of these effects are highly dependent upon the specifics of the measurement (the source, it's strength, the physical characteristics of the sample, the detector, etc.). Issues that could arise from interferences such as those described are generally dealt with by the analyst at the time of a particular measurement. Some of these potential interferences can be mitigated via measurement of low-level standard sources simultaneously with samples. But this requirement, in addition to potentially varying available energy regions, may introduce unnecessary complications into the system (are the gamma-rays from the standard sources in regions which can be examined if the regions may have to be adjusted for different measurement scenarios?). The availability of the entire gamma-ray spectrum for analysis would significantly mitigate the impact of these interferences.
While option 2 is possible, the technology to limit the spectra to a series of widely varying energy windows, analyze the data, and provide assurance that the windows remain unchanged and verifiable does not currently exist commercially (to the knowledge of the authors). Also, the ability to deal with background continuum in energy regions of limited width (a necessary part of fitting gammaray peaks) has also not been addressed. Such a system that is capable of performing this type of analysis would require development, particularly in the area of establishing the target energy regions, the background fitting, and assuring that the regions remain constant and verifiable during the analysis.
Quantification Assurance (Option 1 and Option 2):
For both options described above, the need to have a robust gamma-ray analysis software package is paramount. The code must possess capabilities to account for variable sample size, density, and composition so that the measured gamma-ray intensities can be corrected for geometry and selfabsorption prior to association with an isotope(s). Also, given that some samples could be fairly radioactive, the ability to include and correct for external absorbers is a must. These absorbers may be required to reduce the flux of beta radiation impinging upon the gamma-ray detector. The use of a geometry-specific efficiency calibration is too limiting for the purposes intended in that many of the samples likely to be counted could have significantly varying density, shape, and composition from the calibration standard(s). Since many of the gammarays of interest are lower in energy (80 keV, etc.) and the sample sizes envisioned are relatively large, the impact of self absorption at the lower energies is significant. Reliance upon a calibration standard that represents the entire variety of materials to be measured is not recommended.
To ensure the reliability of the gamma-ray analysis, it would be better to use a computational model to calculate the geometric component of the detection efficiency based upon easily measurable quantities. These quantities would include the sample mass, distance to the detector, the sample thickness, sample area, etc. The actual calibration would then involve the intrinsic efficiency of the HPGe detector itself which relies upon generally constant quantities such as the crystal size, crystal shape, detector housing thickness, the Ge dead layer, etc. This would increase assurances that the reported results are correct.
Another important characteristic of the analysis code is the ability to separate parent radionuclides from their daughter radionuclides in the identification and subsequent determination of activity concentrations. An example of this would include the separation of 95Nb from 95Zr and '%a from lmLa and this would greatly improve the identification and quantification capability since these radionuclides may not be in equilibrium at the time of measurement. Commercial gamma-ray analysis codes possess many of these capabilities, but not all. However, alternatives that possess the needed capabilities do exist. These alternative include the LLNL-developed gamma-ray analysis code known as GAMANAL.' The FRIS system described previously utilizes a version of the GAMANAL code to perform the nuclide identifications.
Computer and Software Issues:
In fielding a system that meets transparency and confidence building criteria, there are apparent conflicting system design requirements. These apparent conflicts can be resolved by implementing something called a 'transparent black-box.' This is a system that collects adequate data and performs sufficient analysis to provide the highest practical confidence in reported conclusions. Since this certainly entails collecting more data and performing more analysis than is acceptable to the host country (such as the entire gamma-ray spectrum), the system must be constructedin such a way that all parties agree that only mutually acceptable information can be obtained from the instrument. This limiting of the reporting and data storage capability of the instrument can be accomplished using a combination of: The system needs to be configured so that data and analysis information cannot be written to any persistent medium. This is most easily accomplished by creating a bootable CD-ROM with the specially configured OS and application software. A system must also be selected or built using a non-Flash ROM BIOS.
Operating System Configuration: The OS needs to be configured such that: l There is no paging or swapping of physical memory pages. (There is no medium to page or swap to and it is highly desirable to lock physical memory pages so that extraneous copies of data or analyses are not made in physical memory.) l The user is captive to the application. There are no mechanisms to escape to the operating system or perform any task other than the agreed upon collection and analysis of data.
Analysis Application Software:
The application software must be written in an understandable, transparent style to perform: l Adequate data collection and analysis for high-confidence in reported nuclide identifications and quantification results. l Rigorous testing to ensure that only mutually-agreed windows of spectroscopic data will be viewable during the acquisition, and that only mutually agreed analysis diagnostics, results and conclusions will be viewable.
l All data and analysis information are erased from application memory upon completion of the analysis. All that would remain is a verifiable hardcopy record of the reported results. A unique identifier or some other "check sum" feature must be supplied to ensure that the data is authentic. Perhaps a unique code could be recorded with each analysis report that is based upon the contents of the report and the system would then be able to reproduce the analytical report using this code to verify that the reports are valid. The functional requirements for high-resolution gamma-ray spectrometry that meets OS1 needs without providing information not relevant to the OS1 has been briefly discussed. Much has yet to be defined at this point regarding the specific software and hardware capabilities but this and other documents should serve as some guidance. The primary issues of concern in the design of the analytical methods are: l Ensuring that the analytical results are correct and valid, l Use of a system which provides sufficient information that a conclusion can be made (including nuclide identifications, activities, assessment of equilibrium between "allowed" parent and daughter activities ["%a/"%a, g5Zrp5Nb, etc.] as well as isotope ratios for the isotopes of interest to the OSI), l Providing the results via a robust analysis methodology which is capable of handling a wide variety of measurement scenarios (the analysis code and technique needs to be robust), l Performing the analysis using as error-free and as tamper-protected a system as possible, l Designing the system to be as "user-friendly" as possible because the inspectors destined to use the equipment may not be experts in gamma-ray spectrometry.
Given the likely political nature of an OSI, there can be no room for doubt in the conclusions drawn from the analytical data. The data must be as incontrovertible as possible and use of the entire gamma-ray spectrum in the analysis with the limited reporting (Option 1) is much more defensible than handling (limiting) the data prior to analysis (Option 2). ENERGY (keV) Figure 1 . Partial gamma-ray spectrum of a sample containing U as measured by a highresolution, high-purity germanium (Ge in the figure, HPGe throughout the text).detector, a medium-resolution cadmium-zinc-telluride (CZT) detector, and a low-resolution sodium iodide (NaI in the figure, NaI(Tl) in the text) detector. The narrowness of the peaks present in the Ge-based spectrum is the reason why complex mixtures of gammaray emitters can be resolved. This is not true for NaI(Tl)-based systems. CZT-based systems have too little detection efficiency for gamma-rays above about 300 keV to be of great benefit to an OS1 at present. Figure 2 . Xe activity as a function of time for a 1 kiloton event in which 100% of the produced Xe radioactivities and precursor nuclides are released. Figure 3 . The Field Radioisotope Identification System (FRIS) developed by Lawrence Livermore National Laboratory. The FRIS system identifies three different categories of materials. These include special nuclear materials, industrial radioisotopes and medical radioisotopes. Additional detail is provided in a separate window by clicking on each highlighted category and the additional information is similar to that shown in Table 3 . Table 3 . Hypothetical output listing of associated gamma-rays used in the identification of g5Zr, '%b, and "?Ba(140La) in a sample. In this case the '%a and lNLa are in equilibrium and are identified together, the assumption of equilibrium would not be valid for g5Zr and '%b in this case (separately identified). The first three columns (l-3) contain the identification of the nuclides present (l), the calculated activity (2) from all associated gamma-rays (assuming a calibrated system), and the error associated with the calculated activity (3). Column 4 lists all of the gamma-rays observed in the spectrum which are associated with the decay of the nuclide(s) identified in (1). Column 5 shows the activity that would be calculated from the single photon listed in (4). Column 6 shows the fraction of that activity which must be used to reach a statistical minimum with all the other gamma-rays associated (column 4) with the decay of the nuclide(s) indicated in (1). Column 7 shows the statistical error in the gamma-ray peak of interest. Smaller errors are indicative of a more intense peak in the spectrum. Column 8 shows the standard deviation from the group minimum for the peak of interest. Small errors in (7) combined with a number of standard deviation values in column 8 that are small (less than 2-3) indicate a good identification. Column 9 shows possible interferences. Only interfering radionuclides listed as relevant to the OS1 are included in this example. Other possible interferences are blacked out to illustrate the magnitude of the potential problem. Similar information to that shown in Columns l-9 would be available for the other nuclides detected in the sample. The term "trivial" indicates that the nuclide indicated was detected in the sample, but that the contribution to the gamma-ray of interest to this particular nuclide is insignificant and does not effect the identification. 
